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Abstract 
Whilst numerous studies have examined the environmental benefits of introducing additional trees 
within wood pasture systems few studies have assessed the impact on farm profitability. This paper 
describes a model, called Forage-SAFE, which has been developed to improve understanding of the 
management and economics of wood pastures. The model simulates the daily balance between food 
production and the livestock demand for food to estimate annual farm net margins. Parameters in 
Forage-SAFE such as tree cover density, carrying capacity, and type of livestock can be modified to 
analyse their interactions on profitability and to identify optimal managerial decisions against a 
range of criteria. A modelled dehesa wood pasture in South-western Spain was used as a case study 
to demonstrate the applicability of the model. The results for the modelled dehesa showed that for 
a carrying capacity of 0.44 livestock units per hectare the maximum net margin was achieved at a 
tree cover of around 53% with a mixture of Iberian pigs (28% of the livestock units) and ruminants 
(72%). The results also showed that the higher the carrying capacity the more profitable the tree 
cover was. This was accentuated as the proportion of Iberian pigs increased.  
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1. Introduction 
Wood pastures are silvopastoral agroforestry systems with irreplaceable ecological, social, and 
cultural values. Wood pastures occupy around 20.3 million ha in the 27 EU member states which 
represents around 4.7% of the European land (Plieninger et al., 2015); the area of grazed wood 
pasture in the EU has been estimated to be 15.1 million ha (den Herder et al., 2017). During the 
twentieth century, the area of wood pastures in Europe has declined either through agricultural 
intensification or abandonment. However, an increasing appreciation of the socio-economic and 
biodiversity value of wood pastures has led to conservation organisations, national governments, 
and the EU promoting wood pasture conservation across Europe (Bergmeier et al., 2010).  
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Wood pastures are complex systems where trees and shrubs, grass fodder and livestock interact in 
ways that vary with location and time. This makes it difficult to determine the impact of specific 
farm-management decisions on farm profitability. For instance whilst studies like Moreno and Pulido 
(2009) and López-Díaz et al. (2015) indicate that increased tree cover has the potential to improve 
pasture production and profitability, it is difficult to determine the tree effect in monetary terms or 
to identify the tree cover density which maximises profitability. In addition, previous modelling 
analyses of agroforestry economics have often been undertaken at an annual time-step (e.g. Graves 
et al., 2011; García de Jalón et al., 2018) which is not suited to evaluation of the moderating effects 
of trees on seasonal pasture production.  This paper therefore presents a bio-economic model, 
called Forage-SAFE, which has been developed to evaluate the management and economics of wood 
pastures. A key feature of the model is that it can simulate the daily balance between food 
production and the livestock demand for food in wood pasture systems. The objective in developing 
the model was to gain a better understanding of the effect of farm-management decisions regarding 
tree, pasture and livestock on farm profitability. 
 
A bio-economic model of wood pastures requires algorithms that explain the interactions between 
trees and pasture production. Numerous studies have measured the effect of trees on pasture 
production (Pardini et al., 2010; Moreno et al., 2007; Gea-Izquierdo et al., 2009).  The net effect of 
trees on pasture production may be positive or negative depending on the soil fertility, light and 
water availability (Gea-Izquierdo et al., 2009; Rhoades, 1997). However, negative effects are more 
frequently reported (Pardini et al., 2010; Marañón and Bartolome, 1994; Barnes et al., 2011; Rivest 
et al 2013). Due to nutrient competition, Tian et al. (2017) found a reduction on productivity of 
grasses in the edge of tree-rows in alley cropping systems. 
 
In a wood pasture in Central Italy Pardini et al. (2010) found that annual pasture biomass production 
at different distances from the tree trunk (at 2.11 m from the tree trunk, under the tree canopy; at 
4.22 m on the limit of the tree canopy, and at 5 m, 10 m, and 20 m) was highest at the furthest 
distance from the tree. They also found that the annual pasture biomass under the tree canopy and 
at the limit of the tree canopy was 75% and 84% of the production at 20 m respectively.  
 
In addition to affecting total grass production, trees also affect the composition of grass species 
which in turn, affects the nutritional characteristics of the pasture. Under trees in the dehesa, the 
presence of herbaceous perennials as well as the ratio of grasses (Poaceae) to legumes (Fabaceae) 
was higher than that in treeless areas (Puerto Martín et al., 1987; Montoya and Meson, 1982). Trees 
can also affect the seasonal distribution of pasture growth, and nutritional quality and this will also 
affect the quantity of pasture consumed by the livestock. Pasture that has not been grazed is 
available for livestock until the palatability and nutritional characteristics drop below a certain 
threshold (Pérez-Corona et al., 1998). Thus, extending the duration of suitable nutritional 
characteristics of the pasture more deeply into the summer and winter periods could potentially 
have beneficial effects on meeting the daily livestock demand for food. For example, in Spain, the 
shade provided by tree canopies during the hot summer months can reduce temperatures and 
evapotranspiration rates and hence the maturation rate of understorey grass. Thus, pasture under 
trees can be palatable for longer periods than in treeless areas. Furthermore, in cold winters the 
presence of trees can increase minimum temperatures that reduce the risk of ground frost and 
extends the growing season of pasture (Gea-Izquierdo et al., 2009; Moreno Marcos et al., 2007). 
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However there are also locations and seasons where trees have a negative effect on pasture growth 
by increasing the competition for water and sunlight (Moreno et al. 2007; Pardini et al., 2010). This 
has been confirmed in alley cropping systems where the biomass yield of intercropped plants was 
limited by adjacent trees because of competition for water and light (Miller and Pallardy, 2001; Tian 
et al., 2015). 
 
These effects of trees on the seasonal distribution of grass growth can vary with region. In 
Mediterranean pastures grass production is greatest in the spring and autumn-winter period whilst 
drought restricts growth during the summer. By contrast in wetter regions of North Europe, pasture 
production can be maintained during summer months whilst low temperatures restrict grass growth 
during the winter. When the food demand by livestock is greater than the immediate availability of 
pasture, farmers typically have to provide livestock with supplementary feed such as hay, silage or 
concentrates. In wood pastures trees can reduce fluctuations in pasture production and thus 
increase the number of days when pasture is available for livestock.  
Trees can also contribute to the food demands of livestock by providing fruit and browse. Hence 
these components are included in the Forage-SAFE model which was developed to guide the 
decisions of researchers and advisors in relation to wood pasture management. This paper aims to 
describe the Forage-SAFE model and then to apply the model for a case study to assess the impact of 
tree cover density, carrying capacity, and composition of livestock species on wood pasture 
profitability.  
2. Case study: a modelled dehesa in south-western Spain 
A wood pasture dehesa in south-western Spain was selected as an example to show the applicability 
of the Forage-SAFE model. The major wood pasture system in South-western Spain is known as 
dehesa and the equivalent areas in Southern Portugal are known as montado. Dehesas are primarily 
used for grazing, but they also produce a wide variety of products including firewood, acorns, 
hunting, mushrooms, cork, and honey (Olea et al., 1990). The area of dehesa and montado in the 
Iberian Peninsula has been estimated to be around 3.04 million ha (Figure 1).   
 
 
Figure 1. Location and tree cover of dehesa and montado in the Iberian Peninsula. Data used from 
CORINE Land Cover CLC 2012 and 2012 Tree Cover Density (http://land.copernicus.eu/). 
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In general, dehesa farms contain a mix of livestock and tree species, with the most common 
livestock species being ruminants (cattle, sheep and goats) and Iberian pigs. The main tree species is 
holm oak (Quercus ilex L. subsp. ballota), followed by cork oak (Quercus suber L.), and Quercus 
pyrenaica Willd. and Quercus faginea Lam.  The average fraction of tree cover in the dehesa regions 
is around 24% (estimated in this study from CORINE Land Cover CLC 2012 and 2012 Tree Cover 
Density from the European Land Monitoring Service, http://land.copernicus.eu/).  However, it is 
estimated that there are over 388,000 ha out of the 3.04 million ha mapped as dehesas that have no 
trees (over 10% of the total area of dehesa); the majority of the dehesa (around 93% of the area) has 
a tree cover lower than 50% (Figure 1). Treeless areas are still classified as dehesa, and not pasture, 
as the treeless areas belonged to dehesa farms in which the whole farm is considered as a dehesa 
system (Moreno et al 2016). 
 
The typical carrying capacity of the dehesa, i.e. its capacity to support the energy needs of livestock, 
is relatively low with values between 0.2 and 0.7 Livestock Units (LU) ha-1. Dehesas in Extremadura 
showed a mean carrying capacity of 0.37 LU ha-1 (Escribano et al. 2002). Daily grass production 
changes during the year and farmers often try to adapt the management system (e.g. the timing of 
calving or lambing) so that the demand of the livestock matches, as far as is possible, the seasonal 
food availability which is typically high during the spring and low in the dry summer months (Olea et 
al., 1990).  
3. Methods 
3.1. Methodological structure of the Forage-SAFE model 
The Forage-SAFE model was developed to determine how the daily balance between food 
production and the demand for food by livestock affects the annual profitability of wood pastures. 
The model can be downloaded on the website of a EU FP7 project called “AGroFORestry that Will 
Advance Rural Development” (AGFORWARD, contract 613520, 
www.agforward.eu/index.php/es/1828.html). The model identifies food energy deficits and 
calculates when extra forage, concentrates, fruit or browse are required to meet livestock energy 
demands. Users can change a large number of parameters including farm structure and alternative 
forage sources to determine their effect on farm profitability. An optimisation module was 
developed to identify the combinations of tree cover, carrying capacity and livestock species that 
maximise production and profitability. 
 
Forage-SAFE is a relatively simple daily time-step dynamic model developed in Microsoft Excel. It 
contains some macros written in Microsoft Visual Basic for Applications (VBA) to facilitate model use 
and to run optimization tools to identify locally optimal farm management practices that maximise 
profitability. 
 
Over 300 variables and parameters can be set in Forage-SAFE to define the biophysical, managerial 
and economic characteristics of the wood pasture system. The biophysical characteristics include 
data on pasture, fruit, timber, firewood and browse production. The managerial characteristics 
include data related to livestock (species, type, age, calendar, weight and consumption), tree 
(planting, tree protection, pruning, thinning, cutting and browsing) and pasture and fodder crops 
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(planting, fertilising, spraying, harvesting and baling). The economic variables include farm costs 
(variable, fixed, subcontracted labour and rented machinery, and unpaid labour) and revenue (sale 
of livestock and tree products, and other services).  
 
Forage-SAFE is separated in seven spreadsheets: 
1) Biophysical input data: this is the principal spreadsheet where end-users can set biophysical and 
managerial variables. The annual results are also shown in this sheet. It is divided in three 
different parts: i) biophysical and managerial input data, ii) the main annual results with links to 
graphical results, and iii) estimation of ‘locally’ optimal values of tree cover, carrying capacity 
and distribution of livestock species to maximise production and profitability. 
2) Financial input data: input data on the monetary value of the various components of wood 
pastures.  
3) Graphs: main graphical results including those with a daily time-step. 
4) Livestock demand: calculations of daily food and energy demanded from each livestock species 
(e.g. cows, sheep and pigs) and type (e.g. suckler cow, growing cow and male adult cow). 
5) Production NO TREE: calculations of the daily production of pasture and duration of energy 
content in areas beyond the tree canopy. 
6) Production TREE: calculations of the daily production of pasture and duration of energy content 
in areas under the tree canopy. It also calculates browse and acorn production. 
7) Biophysical analysis: calculations of the daily balance between produced and demanded food 
and resources in the wood pasture. 
 
3.2. Produced food and resources 
The model is designed so that the primary source of food energy to satisfy livestock demand is the 
energy contained in pasture, tree browse and fruits. As the available energy changes over time a 
daily basis framework was needed to assess the balance between produced and demanded food.  
Produced energy from the pasture 
The model calculated the energy produced from the pasture (MJ ha-1 d-1) as the product of pasture 
produced in time t (kg dry matter (DM) ha-1 d-1) and the energy content of the pasture (MJ kg DM-1). 
The daily balance between pasture production and pasture consumption was calculated for each 
day, and unconsumed pasture was assumed to be available in subsequent time periods with an 
updated energy content.  The potential change of available energy from pasture (AEP; units: MJ ha-1 
d-1) for day t was calculated using Equation 1:  
 
𝑑𝐴𝐸𝑃𝑡
𝑑𝑡
= 𝑃𝑃𝑡 ∗ 𝐸𝐶𝑃 + 𝑆𝐸𝑃𝑡 Eq. (1)  
where PPt is the dry weight of pasture production on day t (kg DM ha
-1 d-1), ECP is the energy content 
in the pasture (MJ kg DM-1), and SEPt indicates the surplus of energy from accumulated pasture (MJ 
ha-1 d-1), i.e. pasture previously produced that had not been consumed.   
 
The value of SEPt was calculated daily as the difference between pasture production and 
consumption using Equation 2 where:  
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𝑆𝐸𝑃𝑡 = 
𝑆𝑃𝑡−1 ∗ 𝐸𝐶𝑃 ∗ 𝐷𝑡−1 + 
𝑆𝑃𝑡−2 ∗ 𝐸𝐶𝑃 ∗ 𝐷𝑡−2 ∗ 𝐷𝑡−1 + 
𝑆𝑃𝑡−3 ∗ 𝐸𝐶𝑃 ∗ 𝐷𝑡−3 ∗ 𝐷𝑡−2 ∗ 𝐷𝑡−1 + 
… + 
𝑆𝑃𝑡−𝑛 ∗ 𝐸𝐶𝑃 ∗ 𝐷𝑡−𝑛 ∗ 𝐷𝑡−(𝑛−1) ∗ 𝐷𝑡−(𝑛−2) ∗ 𝐷𝑡−(𝑛−3) ∗ … ∗ 𝐷𝑡−(𝑛−(𝑛−1)) 
Eq. (2)  
 
and SP is the surplus from pasture produced in instant t (kg DM ha-1 d-1) and D is the pasture 
senescence coefficient which indicates the retention of energy content over time. The value of D is 
affected by weather conditions: for example under extreme heat the retention of energy is greater 
at low temperatures than at high temperatures, e.g. in the summer, and these temperatures can be 
moderated by the shading effect of the trees. 
 
The model separately calculates the available energy from pasture in treeless areas and areas under 
tree canopy.  Building on Equation 1, which calculates the available energy from pasture in treeless 
areas, the available energy in areas under a tree canopy (AEPwtt) is similarly calculated but with the 
inclusion of a tree density effect (Equation 3) using a Gompertz equation. 
 
𝑑𝐴𝐸𝑃𝑤𝑡𝑡
𝑑𝑡
= (𝑃𝑃𝑤𝑡𝑡 ∗ (1 − 𝑒
(−𝑒−𝑏∗(𝛿−𝐶)))) ∗ 𝐸𝐶𝑃𝑤𝑡 + 𝑆𝐸𝑃𝑤𝑡𝑡 Eq. (3)  
where PPwtt is the dry weight of produced pasture, ECPwt is the energy content and SEPwtt is the 
surplus of energy from accumulated pasture. Pasture production under tree canopy is multiplied by 
the Gompertz equation where δ is the proportion of tree cover (between 0 and 1) and b and C are 
constants.  
 
Finally, the available energy from pasture in the system combining treeless areas and areas under 
tree canopies is calculated as follows:  
 𝐴𝐸𝑃𝑡 = (1 − 𝛿) ∗ 𝐴𝐸𝑃𝑤𝑜𝑡𝑡 + 𝛿 ∗ 𝐴𝐸𝑃𝑤𝑡𝑡 Eq. (4)  
where δ is the proportional tree cover, AEPwot is the available energy from pasture in treeless areas 
and AEPwt is the available energy from pasture in areas under tree canopy. In the modelled dehesa, 
3.5% of the tree cover area was considered to be unproductive in terms of pasture production due 
to the area occupied by the tree trunks, and the fenced-off or protected areas safeguarding the 
regeneration of trees. 
 
To derive the daily grass production needed as an input in Forage-SAFE, real data or the output of 
agroforestry models (e.g. Yield-SAFE (van der Werf et al., 2007; Palma et al., 2016; 2017), Modelo 
Dehesa (Hernández Díaz-Hambrona et al., 2008; Iglesias et al., 2016) and SPUR2 (Hanson et al., 
1994)) can be used. In the dehesa case study, we used data from Daza (1999) in which daily pasture 
production and energy content in a dehesa in South-western Spain was measured for each month of 
the year. 
Fruit and browse production by the tree  
Fruit and browse were included in the model as sources of food to feed the livestock. A normal 
probability distribution was used to simulate daily production of fruit within the year comprising 
three terms: the level of maximum production, the day of the year of highest production, and the 
standard deviation in terms of number of days.  In the modelled dehesa, the fruit was the holm oak 
acorn. The modelled average acorn production at 40% tree cover was 354.6 kg ha-1 between October 
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and February. The assumed maximum value of production was 500 kg ha-1 yr-1, the day of maximum 
occurrence was on 10 November and the standard deviation was 25 days. Rodríguez-Estévez (2007) 
stated that mean acorn yield in dehesas in Extremadura range from 300 to 700 kg ha-1 with a 
production equivalent to 8-14 kg tree-1. 
 
Typically in dehesas, Iberian pigs are preferred to ruminants as they are able to benefit from the 
foraging of the acorns (Rodríguez-Estevez et al., 2009) and the resulting high value added of Iberian 
pig products. This was included in the model by calculating two energy balances on each day. When 
acorn availability was greater than demanded by the pigs, the model assumed that ruminants could 
meet up to 10% of their daily food demand from the remaining acorns.  
 
Browse from the tree was considered a food source when pasture production did not meet 
ruminants demand. In the modelled dehesa, browse was assumed to be available when pruning 
takes place in early February; this is to minimise the impact on acorn production. Pruning costs 
associated with browsing were considered after the acorns ripened and fell to the ground. 
 
Forage-SAFE also includes other products that can contribute to farm revenues such as timber, 
firewood, cork, wool and milk. However for the modelled dehesa, it was assumed that all of the farm 
revenues came from the sale of animals and firewood.   
 
3.3. Livestock demand for food 
The livestock demand for food at each time increment (DE; units: MJ ha-1 d-1) was separately 
calculated for each species (cattle, sheep and Iberian pigs) and individual according to gender/age 
category (growing, suckler and male adults) (Equation 5):  
 𝐷𝐸𝑡 = ∑ ∑(𝑛𝑡,𝑠,𝑦 ∗ 𝑑𝑒𝑡,𝑠,𝑦)
3
𝑦=1
3
𝑠=1
 Eq. (5)  
where nt,s,y indicated the number of animals in the field and det,s,y the energy demand of each animal 
in the field (MJ animal-1) at time t, for species s and type y. Forage-SAFE included two distinct ways 
to calculate the demanded energy from pasture of each animal. One way was to set the 
consumption of each animal (DM kg animal-1) according to specific characteristics such as species, 
type, weight and physiological state (gestation, lactation and maintenance). The other way was to 
calculate the demanded energy from pasture using utilised metabolisable energy (UME; units: MJ 
LU-1 d-1) (see Hodgson, 1990). Hodgson (1990) calculated the UME of a “reference animal” defined as 
a lactating dairy cow with a live weight (W) of 500 kg and milk yield (Y) of 10 kg d-1 as: 
 𝑈𝑀𝐸𝑡 = 8.3 + 0.091 ∗ 𝑊𝑡 + 4.94 ∗ 𝑌𝑡 Eq. (6)  
where Wt and Yt indicated the weight and milk yield respectively in instant t. 
 
For Iberian pigs, it was assumed that they would consume between 6.5 and 7.6 kg of fresh acorns 
per day (3.1-3.6 kg DM kernel d-1) and between 0.38 and 0.49 kg DM of pasture depending on the 
animal’s weight (Rodríguez-Estévez et al. 2009). 
 
In the modelled dehesa, the selected carrying capacity was 0.37 LU ha-1 including cattle, sheep and 
Iberian pigs. It was considered that 38.5% of the total LU were cattle (0.122 growing cows, 0.148 
suckler cows and 0.005 male adults per hectare), 39.9% sheep (1.287 growing sheep, 1.261 suckler 
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sheep and 0.048 male adults per hectare) and 21.6% Iberian pigs (0.444 growing pigs per hectare). In 
the case of the Iberian pig, it was assumed that only growing pigs would be in the field. It was 
assumed that the new calves and lambs were born in December and February respectively to match 
the period of maximum pasture production with maximum demand.  
 
3.4. Assessing the profitability of the wood pasture 
The daily comparison of the energy available in the pasture, browse and fruits and the demand by 
livestock was used to estimate the requirement for supplementary food as forage, concentrates or 
acorns to meet the livestock demand. In the modelled dehesa, economic data from the EU Farm 
Account Data Network (FADN) database (http://ec.europa.eu/agriculture/rica/) and data from 
personal communication with farmers and experts were used. 
 
Forage-SAFE used three different indicators to assess the profitability of the wood pasture and were 
calculated as follows:  
1) Gross margin: revenue from any product and/or service of the wood pasture (e.g. animal sale, 
wool, milk, firewood and hunting) plus farming subsidies minus variable costs. Variable costs 
were separately measured for the livestock (animal purchase, forage and concentrates, 
veterinary and medicines, bedding and miscellaneous), the crop (seed and plants, fertiliser, 
crop protection, baling and other costs), and the tree (planting, tree protection, pruning, 
thinning, cutting and other costs) components. The annual gross margin of the wood pasture 
was denominated in euros (as of 2016) and expressed per hectare (see Equation 7). 
2) Net margin: gross margin minus fixed costs (installation and repairs of infrastructure, fuel and 
energy, machinery, interest on working capital, and other costs) and paid labour and rented 
machinery costs (see Equation 8). 
3) Net margin including unpaid labour: net margin minus unpaid labour rate times the 
estimated labour cost (see Equation 9). In the modelled dehesa, the estimated unpaid labour 
cost was 4.5 € h-1. It could be argued that this cost was too low. However, considering that the 
opportunity cost of farmers in rural South-western Spain to work off-farm is very low the 
assumed cost seemed to be reasonable. 
 
3.5. Estimating optimal managerial decisions in wood pastures 
An important function within Forage-SAFE was the estimation of optimal managerial decisions to 
maximise gross margin, net margin and net margin including unpaid labour. Thus Forage-SAFE could 
suggest optimal tree cover, carrying capacity and livestock species composition, assuming that other 
parameters remained constant. Forage-SAFE used the Generalized Reduced Gradient (GRG) 
algorithm of the nonlinear Solving method in Microsoft Excel as not all the equations of the model 
were linear. The GRG algorithm estimated a ‘locally’ rather than ‘globally’ optimal solution. This 
indicated that there was no other set of values for the decision variables close to the current values 
that yielded a better value for the objective function (maximise production or gross and net margin). 
Equations 7-9 show the objective function used in Forage-SAFE to maximise annual gross margin 
(GM), net margin (NM) and net margin including unpaid labour (NM unpaid labour), respectively: 
 
 𝑀𝑎𝑥. 𝐺𝑀 = ∑ ∑ 𝑃𝐼𝑡,𝑐 +
3
𝑐=1
365
𝑡=1
∑ ∑ 𝑆𝐼𝑡,𝑐 − ∑ ∑ 𝑉𝐶𝑡,𝑐
3
𝑐=1
365
𝑡=1
3
𝑐=1
365
𝑡=1
 Eq. (7)  
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 𝑀𝑎𝑥. 𝑁𝑀 = 𝐺𝑀 − ∑ ∑ 𝐹𝐶𝑡,𝑐 − ∑ ∑ 𝑆𝐶𝑡,𝑐
3
𝑐=1
365
𝑡=1
3
𝑐=1
365
𝑡=1
 Eq. (8)  
 
 
𝑀𝑎𝑥. 𝑁𝑀𝑢𝑛𝑝𝑎𝑖𝑑 𝑙𝑎𝑏𝑜𝑢𝑟  = 𝑁𝑀 − ∑ ∑ 𝑈𝐶𝑡,𝑐
3
𝑐=1
365
𝑡=1
 Eq. (9)  
 
where PIt,c is the income from sale products of the component c (livestock, tree and crop) at time t. 
SI is the income from subsidies, VC is the variables cost, FC is the fixed cost, SC is the subcontracted 
labour and rented machinery cost, and UC is the unpaid labour cost.    
4. Results 
4.1. Livestock demand for food  
The results for the daily energy demanded for each animal species and type from pasture in the 
modelled dehesa shows the highest demand for pasture in the dehesa in the spring occurred at the 
same time as maximum pasture production (Figure 2). On dehesa farms, farmers try to maximise the 
number of ruminants in the spring and the number of Iberian pigs in late autumn and early winter to 
coincide with the production of holm oak acorn (Olea et al., 1990).  
 
In the case of cattle and sheep (Figures 2.a and 2.b), the greatest demand for pasture occurred 
between late February and June, and the growing animals were assumed to be sold before pasture 
production falls in the summer. For cattle (Figure 2.a), calving was assumed to occur in December, 
and hence the energy demand of the suckler cows, which started increasing at the end of the 
gestation stage in November increases when lactation starts. Growing cows and sheep were 
assumed to be in the field until the age of 6.5 and 3.5 months respectively. In the case of Iberian pigs 
(Figure 2.c), it was assumed that only growing pigs would be in the field. The figure only shows the 
demanded energy from pasture. Iberian pigs were in the field for 100 days (90 days is the minimum 
period that Iberian pigs need to be in the field to obtain the premium value of acorn Iberian pork). 
Finally the total demand for pasture per day in the modelled dehesa was calculated as the sum of 
the demands of each animal (red line in Figure 2.d, see Equation 5).   
   
4.2. Food supply for livestock 
The seasonal distribution of the daily energy balance for the pasture and browse (Figure 3a) shows 
that maximal production occurred between February and early June and to a lesser extent between 
October and December. The largest surplus of pasture occurred between March and July. Overall, 
from early August to October and from late November to late January the provision of food energy 
of the system did not meet livestock demand. Thus farmers would need to use concentrates to 
satisfy the livestock demand or, as is common practice in the Spanish dehesas, allocate alternative 
land for producing forage for storage. 
 
From early June to late September pasture production was almost negligible. However, ruminants in 
this period did not need extra forage or concentrates until August due to the surplus of pasture that 
was not consumed in the spring. During the spring, pasture production in treeless areas was higher 
than in areas under tree canopies. However, in early summer the duration of energy content in the 
surplus of pasture decreased faster in treeless areas than in areas under tree cover. Thus when the 
pasture was dry with very low energy content in treeless areas, under the tree canopy the 
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accumulated pasture was still fresh and provided a source of food for the livestock. This allowed the 
extension of the period when external feed was not required. In a similar way but to a lesser extent, 
this also occurred in the winter where the tree canopy protected the pasture from frosts and 
thereby the pasture retained its energy content for longer. 
 
 
a) 
 
 
b) 
 
 
c) 
 
 
d) 
 
Figure 2. Seasonal (January to December) energy demand from pasture in the dehesa  for 2.a) cattle, 
b) sheep, c) growing pigs, and d) the combination of each of the above. 
 
Browse was used to feed ruminants in late January and this met some of the demand for pasture. 
The timing of Iberian pigs in the field from November to February coincided with the period of 
maximal acorn production (Figure 3b). It was assumed that pigs would have priority to eat acorns 
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over ruminants, i.e. the ruminants would only eat acorns if pigs had previously satisfied their 
demand for acorns. Thus most acorns were used to feed the Iberian pigs.  
 
a) 
 
b) 
 
Figure 3. Produced (dotted lines), consumed (continuous lines), surplus (dashed and dotted line) and 
demanded (dashed lines) energy from a) pasture, browse and b) acorn in the dehesa case study at 
0.37 LU ha-1 (39.9% sheep, 38.5% cattle and 21.6% Iberian pigs).  
 
An analysis of the annual food production, consumption and extra requirements of the modelled 
dehesa at a carrying capacity 0.37 LU ha-1 (under different tree cover densities) showed that 
maximum annual pasture production was obtained at 0% tree cover (1465 kg DM ha-1) (Table 1). 
Annual pasture production decreased as tree cover increased.  By contrast acorn production 
increased as tree cover increased up to 70% tree cover beyond which point tree competition 
reduced acorn production.  
 
The lower half of Table 1 shows annual consumption and extra requirements for a dehesa: i) with 
and ii) without Iberian pigs. Pasture consumption reached the maximum value at 30% tree cover in 
both situations reaching 876 kg DM ha-1 in the case of Iberian pigs and 1007 kg DM ha-1 without 
Iberian pigs. Browse consumption also increased as tree cover increased. Acorn consumption was 
maximal at 80% with Iberian pigs (285 kg ha-1) and at 70% without Iberian pigs (103 kg ha-1). 
The annual quantity of extra forage and acorn needed to meet the livestock demand was also 
estimated. The lowest requirement for forage was 375 kg DM ha-1 in a dehesa with Iberian pigs at 
50% tree cover and 559 kg DM ha-1 without Iberian pigs at 40% tree cover. Compared to the 
maximum value, in a treeless dehesa the forage needed increased by around 9% with and without 
Iberian pigs. In regards to acorn needs, from a 40% tree cover onwards there was no need to meet 
the Iberian pigs demand for acorns. 
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Table 1. Annual generated products and supplementary needs to satisfy livestock demand (0.37 LU 
ha-1) in dehesa under different tree cover densities. Bold and underlined figures indicate the best 
and worst values from a financial perspective, respectively. 
 
 
4.3. Tree cover impact on profitability  
Forage-SAFE was designed to allow the assessment of the impact of different tree cover densities on 
the profitability of the wood pasture. Table 2 shows the gross margin, net margin and net margin 
including unpaid labour in the modelled dehesa, and the percentages show the relative change 
compared to the maximum value.  With Iberian pigs, the highest profitability was achieved at 40% 
tree cover (GM = 179 € ha-1, NM = 72 € ha-1 and NM including unpaid labour = 35 € ha
-1). Without Iberian 
pigs, the highest profitability was achieved at 20% tree cover (GM = 128 € ha-1, NM = 43 € ha-1 and 
NM including unpaid labour = 28 € ha
-1). It is worth highlighting that the net margin including unpaid labour 
in a treeless dehesa without Iberian pigs was 8% lower than at 20% tree cover.   
 
  
Indicator 
Tree cover (%) 
0 10 20 30 40 50 60 70 80 90 100 
Production            
Pasture (kg DM ha-1) 1465 1431 1397 1364 1328 1279 1181 1010 781 529 281 
Acorns (kg ha-1) 0 90 179 269 352 424 475 499 495 466 424 
With Iberian pigs (cattle = 0.14 LU ha-1, sheep = 0.15 LU ha-1, Iberian pigs = 0.08 LU ha-1) 
Consumption            
Pasture (kg DM ha-1) 874 875 876 876 875 870 848 799 705 502 267 
Browse (kg DM ha-1) 0 3 5 8 10 13 15 18 21 23 26 
Acorns (kg ha-1) 0 63 126 188 241 276 284 285 285 284 277 
Extra supplementary needs            
Forage needed (kg DM ha-1) 408 406 405 403 385 375 390 436 528 730 967 
Acorns needed (kg ha-1)  201 138 75 13 0 0 0 0 0 0 0 
Without Iberian pigs (cattle = 0.18 LU ha-1, sheep = 0.19 LU ha-1) 
Consumption            
Pasture (kg DM ha-1) 1005 1006 1007 1008 1007 1001 972 901 742 502 267 
Browse (kg DM ha-1) 0 3 5 8 10 13 15 18 21 23 26 
Acorns (kg ha-1) 0 41 79 91 96 100 102 103 103 102 100 
Extra supplementary needs            
Forage needed (kg DM ha-1) 610 589 570 563 559 562 588 657 815 1053 1288 
Acorns needed (kg ha-1)  0 0 0 0 0 0 0 0 0 0 0 
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Table 2. Profitability of dehesa under different tree cover densities. Percentage values show the 
relative reduction compared to the maximum value in each indicator. Bold and underlined figures 
indicate the best and worst values from a financial perspective within each scenario, respectively. 
 
Lastly the locally optimal tree cover, carrying capacity and livestock species composition that 
maximised the gross margin, net margin and net margin including unpaid labour costs in the 
modelled dehesa were calculated (Table 3). These values were locally optimal for the parameter 
values in the modelled dehesa which had a tree cover of 40% and a carrying capacity of 0.37 LU ha-1 
from which 38.5% corresponded to cattle, 39.9% to sheep, and 21.6% to Iberian pigs. The results 
showed that, keeping all other parameters constant, profitability was maximised at about 32% tree 
cover. The carrying capacity values that maximised profitability ranged between 0.40 LU ha-1 and 
0.46 LU ha-1. The gross and net margins were maximised when Iberian pigs comprised between 9.8% 
and 26.7% of the overall livestock units.  
 
The last three rows of the table showed the optimal simultaneous combination of tree cover, 
carrying capacity, and livestock species composition. The estimated gross and net margins were 
higher than those estimated when only one variable was changed in the optimisation problem.  This 
reflects the economic effect of combining these managerial decisions. The optimal combination that 
maximised the net margin including unpaid labour had a tree cover of 53.1% and a carrying capacity 
of 0.44 LU ha-1 of which 71.9% were ruminants and 28.1% Iberian pigs. The maximum net margin 
including unpaid labour in the modelled dehesa was 52 Euros ha-1.  
  
Profitability indicator                                                   Tree cover (%) 
0 10 20 30 40 50 60 70 80 90 100 
With Iberian pigs (cattle = 0.14 LU ha-1, sheep = 0.15 LU ha-1, Iberian pigs = 0.08 LU ha-1) 
Gross margin 
(€ ha-1) 
106 129 153 175 179 177 175 173 159 120 74 
-41% -28% -15% -2% 0% -1% -2% -3% -11% -33% -58% 
Net margin 
(€ ha-1) 
-1 23 46 69 72 70 68 66 52 13 -33 
-101% -69% -36% -4% 0% -3% -6% -8% -27% -82% -146% 
Net margin including 
unpaid labour (€ ha-1) 
-35 -12 10 33 35 33 30 28 14 -26 -72 
-198% -134% -70% -7% 0% -7% -14% -22% -61% -174% -305% 
Without Iberian pigs (cattle = 0.18 LU ha-1, sheep = 0.19 LU ha-1) 
Gross margin 
(€ ha-1) 
124 126 128 127 126 123 117 102 71 24 -21 
-3% -1% 0% -1% -2% -4% -9% -20% -45% -81% -116% 
Net margin 
(€ ha-1) 
39 41 43 42 41 38 31 16 -15 -61 -106 
-8% -4% 0% -2% -5% -11% -27% -61% -135% -243% -350% 
Net margin including 
unpaid labour (€ ha-1) 
25 26 28 26 24 21 14 -1 -33 -80 -126 
-8% -4% 0% -4% -11% -23% -49% -105% -220% -390% -556% 
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Table 3. Locally optimal values of tree cover, carrying capacity and livestock species composition that 
maximise farm gross margin (GM), net margin (NM) and net margin including unpaid labour costs 
(NM unpaid labour). The default values of the modelled dehesa were a tree cover density 28% and a 
carrying capacity 0.37 LU ha-1 from which 78.4% were ruminants (0.28 cows and 2.60 sheep ha-1) and 
21.6% Iberian pigs (0.44 pigs ha-1).     
Objective function 
Tree 
cover 
(%) 
Carrying 
capacity  
(LU ha-1) 
Livestock species composition 
Margin 
(€ ha-1) Ruminants 
 (% LU ha-1) 
Iberian pigs  
(% LU ha-1) 
Optimal tree cover     
Max. GM 32.1 - - - 180 
Max. NM 32.1 - - - 73 
Max. NM unpaid labour 32.1 - - - 37 
Optimal carrying capacity     
Max. GM - 0.46 - - 196 
Max. NM - 0.41 - - 86 
Max. NM unpaid labour - 0.41 - - 48 
Optimal livestock species composition    
Max. GM - - 26.7 73.3 189 
Max. NM - - 26.7 73.3 77 
Max. NM unpaid labour - - 9.8 90.2 40 
Optimal combination of tree cover, carrying capacity and livestock species composition 
Max. GM 61.8 0.44 30.6 69.4 225 
Max. NM 55.9 0.44 29.2 70.8 103 
Max. NM unpaid labour 53.1 0.44 28.1 71.9 53 
5. Discussion 
Forage-SAFE has some limitations that should be taken into account. Firstly, some of the input 
parameters could not be easily obtained or varied substantially throughout time, and the calculation 
of the farm net margin can be very sensitive to these parameters. For example, the price of the live 
weight of the animals affects the estimation of optimal carrying capacity and livestock species 
composition. Since livestock prices can be volatile, the results can vary greatly between years. 
Secondly, the rate of decrease of the energy content in pasture can be difficult to model and validate 
with real data. In Forage-SAFE, the value of the pasture senescence coefficient (D) varied with daily 
weather data and considered microclimatic effects determined by the interaction between the tree 
and the pasture. In the Mediterranean dehesa, the coefficient should have lower values in summer 
when the nutritional value of the pasture decreases quickly as a result of drought. Thirdly, within the 
model it is assumed that the farm administrative costs are independent of the tree cover.  However 
in practice a farmer may need to spend time categorising the different levels of tree cover across a 
farm when claiming support from the European Union Common Agricultural Policy. Fourthly, the 
model assumed a steady state in terms of the maturity and density of the trees and did not simulate 
a whole tree rotation. Thus there were some revenues and costs that were not considered in the 
economic analysis. However, the rotation of wood pastures is often very long which makes it difficult 
to model all the costs and benefits incurred in the past. In the case of the dehesa, the rotation of 
holm oak is often around 180-250 years (Montoya, 1989; Olea and San Miguel-Ayanz, 2006) and 
sometimes the origin of the dehesa is associated with clearing of the trees in holm oak forests (San 
Miguel, 1994). In order to solve these issues, Forage-SAFE calculates costs that are not annually 
undertaken (e.g., planting, pruning and thinning costs) by using the frequency of the operation 
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during the rotation. Despite these challenges, Forage-SAFE provides a systematic means of 
quantifying the effect of trees on pasture production and the impact of managerial decisions on the 
economics of wood pasture systems.  
 
The results in the modelled dehesa showed that trees could provide an important supply of food in 
terms of forage resources and buffer the challenges created by the strong seasonality of pasture 
growth. In terms of forage resources, the results showed that for the modelled dehesa farm, 40% 
tree cover provided the maximum metabolisable energy. This metabolisable energy was provided by 
the pasture, browse and acorns. Although at this tree cover, neither the production of pasture, 
browse, or acorns was maximised, the combined metabolisable energy production of all three 
together, was greater than at any other tree cover density. In terms of buffering the strong 
seasonality of pasture growth, the results showed that despite lowering annual pasture production, 
the presence of trees can increase pasture consumption. Annual pasture production was maximised 
at 0% tree cover. However, despite producing 9% less grass than at 0% tree cover, the maximum 
pasture consumption was reached at a tree cover of around 30% both with Iberian pigs (an increase 
of 0.2% in comparison with 0% tree cover) and without Iberian pigs (an increase of 0.3% in 
comparison with 0% tree cover). This was because the trees helped to maintain the nutritional 
characteristics of the pasture for longer periods of time, particularly in summer and winter. These 
results indicate that even if there are no Iberian pigs in the dehesa, trees will still have a positive 
effect on the profitability of the system. It is worth highlighting that over 10% of the total area of 
dehesa and montado in the Iberian Peninsula has a tree cover density lower than 10% (Figure 1). 
Thus our results suggest that profitability of Iberian dehesas and montados could be increased by 
increasing tree cover density, since higher levels of metabolisable energy would be produced and 
consumed at higher tree cover densities. 
 
Pasture production under the tree canopy was calculated to be around 77% of the production in 
treeless areas. Approximately 3.5% of the tree cover area was considered unproductive due to the 
area occupied by the trunk and any fenced off or protected areas protecting the regeneration of 
trees. Several studies have shown that annual grass production under tree canopies is usually lower 
than in areas without trees (e.g. Marañón and Bartolome, 1994, Pardini et al., 2010 and Barnes et 
al., 2011). These studies have found an annual reduction of pasture production under tree canopies 
of 75-100% compared to treeless areas. The extent of the variation depends on a number of factors 
such as climate, slope, orientation, and tree and grass species. Some studies have highlighted that 
higher latitudes and colder climates can lead to a lower relative yield (Silva-Pando et al., 2002; 
Pardini et al., 2010) than in Iberian dehesas (Moreno et al., 2007; Gea-Izquierdo et al., 2009). 
Moreover, extrapolating a reliable estimation of pasture production in scattered trees wood 
pastures is difficult and Rivest et al. (2013) and Mazía et al. (2016) show that, on average, the net 
effect of the trees on pasture understory is almost neutral although there is high spatio-temporal 
variability. The meta-analysis in Rivest et al. (2013) shows that the net effect depends on tree traits 
(e.g. deciduous vs evergreen; legumes vs non-legumes), climate, temporal distribution of rainfall and 
soil fertility. Recent advances in agroforestry modelling (e.g. van der Werf et al., 2007 and Iglesias et 
al., 2016) could help provide more robust data to use with the Forage-SAFE model. The increasing 
reliability of satellite data for estimating pasture productivity also provides opportunities to use such 
data for individual farms (e.g. Ali et al., 2016). 
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Only provisioning ecosystem services (production of pasture, browse, acorn and firewood) were 
included as sources of revenue in this assessment. A wider economic analysis, from a societal 
perspective, could also include a range of non-marketed ecosystem services and this is likely to 
increase the estimates of optimal tree cover density. For example, including the value of regulating 
and cultural services such as carbon sequestration, biodiversity, recreation and landscape values, 
would increase the value of the trees, and in turn the optimal tree density in the landscape.  Some 
studies have measured the beneficial effect of trees in increasing soil organic carbon (Howlett et al., 
2011) and described benefits to biodiversity (Moreno et al., 2016), and cultural services such as 
recreation and landscape aesthetic (Fagerholm et al., 2016). The RECAMAN project has recently 
evaluated the monetary value of provisioning, regulating and cultural services of Iberian dehesas 
(Campos et al., 2014; Ovando et al., 2015). The profitability of trees in dehesas could also be 
increased by including agri-environment subsidies that can be available for afforestation of 
agricultural land (since 1992) or the establishment and maintenance of agroforestry (since 2007) 
(European Commission, 2013). 
6. Conclusions 
This paper describes a bio-economic model, Forage-SAFE, and its application to determine the 
impact of tree cover on the management and economics of wood pasture systems using a dehesa 
case study. The model quantified the energy demanded by livestock and the energy provided by the 
system using a daily time-step. Using the model, we calculated how much extra forage was needed 
to satisfy the livestock feeding requirements and included this cost in the profitability assessments. 
Using current costs and benefits, the results demonstrate that the trees in dehesas provide a net 
financial benefit and it is possible to identify an optimal tree cover density.  The results showed that 
the highest annual pasture production was achieved at 0% tree cover. However, considering pasture, 
browse, and acorns together the production of metabolisable energy was maximised at a tree cover 
density of around 40%. At a typical stocking density of 0.37 LU ha-1, the maximum net margin, 
including unpaid labour as a cost to the farmer, was obtained at a tree cover density of around 32%. 
This increased as carrying capacity and the proportion of Iberian pigs was increased. These results 
suggest that a daily time-step modelling approach based on the practical challenges of managing 
varying livestock demand for metabolisable energy and varying pasture production is needed for 
quantifying the economic impact that trees have on buffering the strong seasonality of pasture 
growth. 
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